Room-temperature magnetoelectric coupling in single-phase BaTiO 3 3 (T c ¼ 450 K, T n ¼ 100 K), YMnO 3 (T c ¼ 640 K, T n ¼ 100 K), and BaMnF 4 (T n ¼ 26 K). [6] [7] [8] [9] [10] [11] [12] Among these single-phase multiferroics, BiFeO 3 has attracted most attention due to its simultaneous ferroelectric and antiferromagnetic characteristics exhibiting high Curie temperature and high Neel temperature. [13] [14] [15] [16] However, high electric leakage in bulk BiFeO 3 ceramics was observed due to the existence of multivalent Fe ions and oxygen vacancies. To improve ferroelectric properties, studies on solid solution of BiFeO 3 with other perovskite materials (BaTiO 3 , PbTiO 3 , CaTiO 3 , and Bi 0.5 Na 0.5 TiO 3 ) have been performed. [17] [18] [19] [20] [21] [22] [23] BaTiO 3 is a promising candidate in this respect, and (1 À x) BaTiO 3 -x BiFeO 3 solid solutions have been shown to exhibit rhombohedral (0.7 < x 1.0), pseudo-cubic (0.04 < x 0.7), and tetragonal (0 x 0.04) phases. 24 Moreover, substitution of La, Nb, and Mn in the BaTiO 3 -BiFeO 3 has been studied in order to enhance the piezoelectric properties and DC resistivity. [25] [26] [27] [28] Recently, improved piezoelectric value of d 33 ¼ 116 pC N À1 with high DC resistivity of 2.7 Â 10 7 X m was reported in Mn-modified BaTiO 3 -BiFeO 3 ceramics by Leontsev et al. 28 In parallel, several studies on BaTiO 3 -BiFeO 3 Generally, ME effect can be classified as direct magnetoelectric (DME) effect and converse magnetoelectric (CME) effect. The DME effect (dE AC /dH AC ) is defined as the change in electric polarization in response to applied magnetic field. The CME (dB AC /dE AC ) effect is defined as the change in magnetization in response to applied electric field. For single-phase multiferroic materials, figure-of-merit for ME coupling is given as:
where e and l are the electric permittivity and magnetic permeability, respectively. Thus, to achieve strong ME coupling in single-phase multiferroics, we need to find an optimimum composition with high piezoelectric and magnetic properties. In this study, we synthesized lead-free (1 À x) BaTiO 3 -x BiFeO 3 ceramics (BT -x BFO) by solid-solution method over the wide range of composition (x ¼ 0.025 -1.0) to find the optimum point for high ME coupling at room-temperature. Piezoelectric, magnetic, and magnetoelectric properties were investigated for all the compositions at room temperature.
II. EXPERIMENTAL DETAILS
Without any additional doping, all BT-xBFO ceramics were synthesized by mixed oxide sintering method using analytical reagent grade $99.9% pure oxide and carbonate powders of TiO 2 , Bi 2 O 3 , Fe 2 O 3 , and BaCO 3 from Ward Hill, USA. The sintered BT-xBFO ceramics had diameter of 10 mm and thickness of 1 mm. Crystal structures were investigated at room temperature using X-ray diffractometer (D/MAX-2500, Rigaku). The ceramics were poled in silicone oil for 30 min at room temperature under applied DC a)
Author to whom correspondence should be addressed. Electronic mail: spriya@vt.edu. electric field of 3.5 kV mm À1 and aged afterwards for 24 h at room temperature. Room-temperature ME responses were investigated under an applied magnetic bias field (H DC ¼ 2000 Oe with H AC ¼ 1 Oe at 1 kHz). Piezoelectric characteristics were examined using APC YE 2730 A d 33 meter. Dielectric characteristics were investigated using HP 4194 A impedance analyzer (Hewlett Packard Co. USA). Ferroelectric polarization-electric field (P-E) measurement was performed using modified Sawyer-Tower Bridge Precision II (Radiant Technologies, Albuquerque, NM). Magnetization-magnetic field (M-H) measurement was performed using the vibrating sample magnetometer (VSM 7304, Lake Shore Cryotronics). Fig. 1(a) shows the room-temperature X-ray diffraction (XRD) patterns for BT-xBFO (x ¼ 0.025 -1.0) ceramics. The XRD patterns illustrate that the BT-xBFO exhibits tetragonal (x ¼ 0.025), cubic (x ¼ 0.1 -0.7) and rhombodedral (x ¼ 0.8 -1.0) phases across the whole range of composition. We next focussed on the crystal structures of compositions corresponding to BT-xBFO (x ¼ 0.710 -0.775) shown in Fig. 1(b) , where optimum ME coupling was found (shown later). The XRD pattern for pure BFO (x ¼ 1.0) exhibited rhombohedral phase with splitting in the peaks of (110), Figs. 2(a)-2(h) show the composition dependence of magnetoelectric, piezoelectric, and dielectric properties of BT-xBFO ceramics at room temperature. From Figs. 2(a) and 2(b), it can be noted that the DME effect was enhanced with proportional change of a DME phase angle in the limited range of BT-xBFO compositions (x ¼ 0.71 -0.8) and the maximum a DME (0.87 mV cm À1 Oe
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III. RESULTS AND DISCUSSION
À1
) was observed at the optimum composition of BT-xBFO (x ¼ 0. ) of BT-0.75BFO. 28 Systematic measurement of d 33 as a function of composition in our study led to the identification of BT-0.725BFO composition that provides the best performance. There was no ME response in the BT-0.025BFO due to its small magnetic properties given by low content of Fe ions even though it exhibited good piezoelectric values (g 33 ¼ 10.5 Â 10 mV m N À1 and
). To understand the local structure variation, atomic pair distribution function (PDF) analysis was performed. Fig.  3(a) shows the PDFs for BT -0.725 BFO and BFO ceramic powders. Experimental XRD patterns were taken with Ag radiation (k ¼ 0.56 Å ) and converted into atomic PDFs. The PDFs for pure BFO (x ¼ 1.0) were fitted with a structure model featuring a rhombohedral structure (S.G. ) provided somewhat better fit. Thus, this material can be featured as rhombohedral on average but with local monoclinic distortions/symmetry. Fig. 3(b) shows the polarization-electric field (P -E) hysteresis for BT-xBFO ceramics (x ¼ 0.710 -0.775). With increasing BFO mole fraction, the coercive electric field (E c ) was increased up to 36.4 kV cm À1 (x ¼ 0.775) and the remanent polarization (P r ) was also enhanced with high magnitudes of 12.5 (x ¼ 0.725), 13.8 (x ¼ 0.750) and 10.9 lC cm À2 (x ¼ 0.775). The composition of BT-xBFO (x ¼ 0.725) was found to exhibit saturated hysteretic curve. Fig. 3(c) shows the magnetization-magnetic field (M -H) curves for BT-xBFO ceramics (x ¼ 0.710 -0.775) which were measured under a magnetic field of À7 kOe to þ7 kOe at room temperature. The M -H curves exhibited linear behavior and no saturation with low magnetic susceptibility (v) representing insufficient cycloidal spiral in the BT-xBFO solid solutions. With increasing BFO mole fraction from 0.710 to 0.750, the magnetic permeability (l) was improved and the magnitude of magnetization was increased up to 0.03 emu g À1 at 7 kOe for the composition BT-xBFO (x ¼ 0.750). The improved magnetic properties may be due to the increased amount of Fe ions in the BTxBFO system. On the other hand, the enhanced magnetic properties with decreasing BFO mole fraction from 0.775 to 0.750 could be attributed to active spin modulation of ordered Next, BT-0.725BFO/nickel (BT-BFO/Ni) bilayer laminates were fabricated with longitudinally poled and transversely magnetized (L -T) configuration to understand the tunability of DME and CME effect. Figs. 4(a) and 4(b) show the DME and CME responses for BT-BFO/Ni laminate. For DME measurement, H AC of 1 Oe at 1 kHz was applied through the Helmholtz coil to the laminate and the induced voltage was measured. Fig. 4(a) shows that the a DME exhibits maximum magnitude of 75.4 mV cm À1 Oe À1 at H bias of 100 Oe with remanent a DME of 13.6 mV cm À1 Oe À1 at zero H bias during H bias sweeps. The presence of remanent a DME was realized with exactly the same magnitude by only turning on H AC in the absence of H bias sweep. The result definitely illustrate that the remanent a DME is not a hysteretic characteristic but a spontaneous effect. For CME measurement, V AC of 1 V with 1 kHz was applied directly on the sample and then the induced magnetic flux density was measured by using Helmholtz coil. In the CME response shown in Fig. 4(b) , the hysteretic behavior was same with respect to H bias sweep; the maximum a CME was observed with magnitudes of 2.41 Â 10 À6 mG cm V À1 at H bias ¼ 100 Oe and the remanant a CME was obtained with magnitude of 4.02 Â 10 À7 mG cm V À1 at H bias ¼ 0 Oe under applied V AC ¼ 1 Oe.
IV. CONCLUSION
The lead-free single-phase ME ceramics of BT -x BFO were synthesized by solid solution method. Room-temperature ME coupling was found to exist in the limited composition range of BT-xBFO (x ¼ 0.71 -0.8). The maximum ME coupling coefficient (a ME ¼ 0.87 mV/cmÁOe) and high piezoelectric porperties (g 33 ¼ 18.5 Â 10 mVÁm/N and d 33 ¼ 124 pC/N) were achieved for the composition BT -0.725 BFO representing local monoclinic distortions in rhombohedral phase. BT-0.725BFO/Ni laminates were found to exhibit self-biased DME and CME responses, which is very promising for magnetically and electrically tunnable on-chip components. FIG. 4 . (a) DME coefficient (a DME ) and (b) CME coefficient (a CME ) for BT-0.725BFO/Ni laminates as a function of H bias . Insets are schematic diagrams of DME and CME samples and expanded views of a ME -H bias hysteresis to clearly show the remnant a DME and a CME at zero H bias .
